Abstract The time course of endocytic uptake of Lucifer yellow (LY) was followed by fluorescence and electron microscopy after exposure of primary cultures of atrial myocytes from adult rats to LY under conditions that prevented transplasmalemmal LY entry via channels or carriers. After a 2-minute exposure to LY at 37°C, electron microscopy revealed classic clathrin-coated vesicles fused to endosomes, which were absent in LY-free medium or at 2°C, suggesting that LY turns on endocytosis or accelerates a slow constitutive endocytosis. Fluorescence microscopy, which detected no LY entry at 2 minutes in LY, showed punctate cytoplasmic fluorescent densities after 10 minutes, which were readily distinguishable from intrinsic perinuclear fluorescence. Fluorescence microscopy after immunostaining with antibodies against clathrin, vacuolar H+-ATPase, atrial peptide, or a marker for acidified compartments suggested LY sorting into an acidified prelysosomal pathway. Using absence of punctate fluorescence after 10 minutes in LY as a criterion for inhibition of endocytosis, we showed that endocytosis was inhibited by inhibitors of protein phosphatases 1 and 2A or inhibitors of cAMP-dependent protein kinases 1 and 2, by effects of caffeine on sarcoplasmic reticulum Ca 2+ release, and by temperatures below 18°C, but not by staurosporine, phorbol esters, pertussis toxin, thapsigargin, preventing contractions with nifedipine, ryanodine and low [Ca 2+10 or raising cytosolic cAMP concentrations. Both phosphatase inhibitors and caffeine also inhibited a fraction of LY uptake by intact rat atria. We conclude that endocytic uptake of LY is an energy-dependent, specifically regulated process, whose understanding and control are potentially important for the medically relevant problem of introducing drugs and macromolecules into atrial heart muscle cells. (Circ Res. 1994;75:335-346.) Key Words * endocytosis * heart * clathrin-coated vesicles * H+-ATPase * endosomes T he cardiac myocytes of isolated intact rat atrial preparations incubated in vitro internalize extracellular solution by fluid-phase endocytosis (FPE).1 We have recently estimated the rate of this process and the volume of fluid involved by using the classic FPE tracer "4C-sucrose.' FPE implies endocytosis of extracellular solution via invagination of clathrincoated plasmalemmal pits, which are internalized to form clathrin-coated vesicles. Such clathrin-coated pits and vesicles are implicated in the obligatory retrieval of plasma membrane after it has fused with atrial granular membranes during atrial natriuretic peptide (ANP) secretion by intact rat atria.1-3 Endocytosis using the vesicular pathway that is entered via clathrin-coated pits is also implicated in the recycling of plasma membrane receptors and in the entry of some viruses4 into cells. For these reasons and because it is potentially a medically important mechanism for introducing drugs and macromolecules into heart muscle cells, it seems useful to understand and learn to control vesicle-mediated internalization by these cells. A first step toward this goal is to study the regulation of endocytosis in this tissue.
T he cardiac myocytes of isolated intact rat atrial preparations incubated in vitro internalize extracellular solution by fluid-phase endocytosis (FPE).1 We have recently estimated the rate of this process and the volume of fluid involved by using the classic FPE tracer "4C-sucrose.' FPE implies endocytosis of extracellular solution via invagination of clathrincoated plasmalemmal pits, which are internalized to form clathrin-coated vesicles. Such clathrin-coated pits and vesicles are implicated in the obligatory retrieval of plasma membrane after it has fused with atrial granular membranes during atrial natriuretic peptide (ANP) secretion by intact rat atria.1-3 Endocytosis using the vesicular pathway that is entered via clathrin-coated pits is also implicated in the recycling of plasma membrane receptors and in the entry of some viruses4 into cells. For these reasons and because it is potentially a medically important mechanism for introducing drugs and macromolecules into heart muscle cells, it seems useful to understand and learn to control vesicle-mediated internalization by these cells. A first step toward this goal is to study the regulation of endocytosis in this tissue.
In the context of the present article, studying the regulation of endocytosis required experimental testing of the hypothesis that each of a series of molecules, including selected second messengers, guanine nucleotide-binding proteins, protein kinases, and protein phosphatases, all of which are involved in mediating phosphorylation or dephosphorylation of specific amino acids on target proteins, is implicated in the energydependent FPE demonstrable in cell cultures of atrial myocytes. We were also interested in three other issues: (1) determining whether the regulation of endocytosis in these myocytes differs significantly from the regulation of ANP secretion, (2) determining whether the non-clathrin-coated vesicles called caveolae previously studied in this laboratory are implicated in FPE in cultured atrial myocytes, and (3) interfacing evidence for regulation of FPE with data about the morphology, subcellular localization, and internal acidification of the vesicles and other membrane-limited structures in the endocytic pathway.
For these purposes, we chose to study the endocytosis of the large organic disulfonate anion Lucifer yellow (LY). LY, a classic fluorescent molecule used by cell biologists to trace FPE in cell cultures,5 was used to visualize internalization in primary cultures of atrial myocytes from adult rats. Evidence for regulation of the endocytic transport of LY from the plasma membrane into membrane-limited structures in the peripheral cytoplasm was sought by looking for changes in the pattern of LY internalization in response to experimen- tal changes in temperature or cytoplasmic [Ca2+] as well as to specific inhibitors and pharmacologic agents known to perturb regulation of endocytosis or secretion in other cell types. In parallel experiments, acidified vesicular compartments along the endocytic pathway were identified at the light and electron microscopic level by the pH-sensitive weak anion N-(3-((2,4-dinitrophenyl)amino)propyl)-N-(3-aminopropyl)methylamine (DAMP).6 Acidified vesicular compartments were also identified by immunofluorescence microscopy of antibodies against clathrin and against the vacuolar proton pump (H+-ATPase), which acidifies the interior of vesicles, and by immunostaining with antibodies against ANP, since atrial granules are thought to be acidified. 7 In addition to these experiments in primary cultures of atrial myocytes, we have examined the uptake of LY in the intact rat atrial preparations previously used to characterize FPE of 14C_sucrose.' These experiments tested whether agents that inhibit endocytosis of LY in primary cultures of atrial myocytes also inhibit LY uptake by intact atria.
The results of these studies suggest that LY turns on or greatly accelerates constitutive endocytosis in cultured atrial myocytes and that it does so by an energydependent process entered via clathrin-coated plasmalemmal pits and vesicles. The selective sensitivities of this process to various experimental conditions and agents provide new information about the regulation of endocytosis in cultured atrial myocytes and in intact atria. The results also support the conclusions that FPE and ANP secretion are both inhibited by caffeine but differ in their regulation by protein kinases A and C.
Materials and Methods

Experiments on Primary Cultures of Atrial Myocytes Preparation of Cultured Cells
Primary cultures of atrial myocytes prepared by collagenase digestion from the right and left atria of 300-to 350-g adult male Sprague-Dawley rats were made by the method of lida and colleagues,8'9 as modified in this laboratory by Ambler and Leite.10 For fluorescence microscopy of LY endocytosis or for immunofluorescence microscopy using fluorescent secondary antibodies against the Dictyostelium vacuolar H+-ATPase, clathrin, ANP, or the weak-base DAMP,5 cells were plated on laminin-coated round coverslips (diameter, 12 mm) at the bottom of plastic wells (four-well multidish, Nunc) initially containing 12x 104 rod-shaped myocytes in 1 mL of culture medium (GIBCO medium 199 [M199]), supplemented with 10% fetal bovine serum (FBS), 20 mg/mL cytosine P-Darabinofuranoside (ARA-C), 100 U/mL penicillin, and 100 mg/mL streptomycin. Protocols for changes of the medium, removal of unattached cells by rinsing, and omission of ARA-C starting on day 7 of culture were as described by Ambler and Leite.10 Cells were used for experiments on days 7, 8, or 9 of culture (usually on day 8).
Assay for Endocytosis of LY
To ensure that LY entered atrial myocytes by endocytosis, it was necessary to prevent transplasmalemmal uptake of LY via plasmalemmal channels or carriers. This was done by aspirating the M199 in the well containing on its bottom the coverslip with the cells, replacing the solution with M199 containing FBS at a final concentration of 10%, recapping the well, and incubating for a standard preincubation period of 1 hour at 370C in the same NAPCO model 5100 incubator used to grow the cultures. At the end of this incubation period, the M199/ FBS solution was aspirated, and the well containing the coverslip was used either (1) for determining the LY uptake by the myocytes at 37°C as a function of time (2, 10, 60, or 120 minutes) or (2) for determining the effect of selected perturbations (chemical agents or changes in temperature) on LY endocytosis during a standard 10-minute interval. For observing the time course of LY uptake at 37°C, the M199/10% FBS was aspirated and replaced with M199/10% FBS containing the dilithium salt of LY (0.5 mg/mL or 1.09 mmol/L). The well containing the coverslip was then recapped and incubated at 37°C for 2 or 10 minutes. At the end of the chosen interval, the experiment was terminated by rapidly removing the well from the incubator, aspirating the LY-containing solution from the well, and washing the well and coverslip with six changes of ice-cold LY-free PBS (150 mmol/L phosphate-buffered NaCl, pH 7.4) to which 10 ,umol/L ryanodine had been added to suppress contractions, because contractions interfere with photographic localization of endocytosed LY. The coverslip was then mounted on a slide and photographed at a magnification of x 170 with an Olympus model BH2-RFCA fluorescence microscope and a fluorescein filter set with excitation and emission wavelengths of 430 and 540 nm, respectively.
In a series of experiments designed to look at the effect of perturbations, the solution was removed by aspiration at the end of the standard preincubation period. The well containing the coverslip was then incubated for a further 15 minutes at 37°C in M199/FBS containing the desired concentration of the perturbing agent being tested (or alternatively, in agent-free M199/FBS at a lowered temperature). After 15 minutes, this solution was also removed by aspiration, replaced with an LY-containing solution of otherwise identical composition and temperature, recapped, and incubated for an additional 10 minutes at the same temperature. At the end of this interval, the experiment was terminated with aspiration of the LYcontaining solution and substitution of an LY-free ice-cold solution, and the cells on the coverslip were photographed under the fluorescence microscope as described above. Experiments identical in design except for the omission of LY from the protocol were used to identify the autofluorescence of the atrial myocytes and to demonstrate the characteristic respects in which its distribution differed from that due to internalized LY (see "Results").
Indirect immunofluorescence microscopy to localize ANP, clathrin, and the vacuolar H+-ATPase was performed on glass coverslips, as previously described,8 by immunostaining myocytes fixed for 10 minutes with 4% paraformaldehyde in PBS, incubated with 50 mmol/L glycine for 5 minutes, permeabilized with 0.1% Triton X-100 for 3 minutes, and incubated for 15 minutes in were fixed with glutaraldehyde, postfixed with OS04, and prepared for electron microscopy as previously described,8 except that tannic acid was omitted from the fixative. For immunoelectron microscopic localization of antibodies against DAMP in intact mouse atria (localized with antibodies against dinitrophenol), mouse atria fixed with 2% glutaraldehyde were embedded in Lowicryl, thin-sectioned on an LKB model 8800 ultramicrotome, and stained with primary rabbit antibodies against dinitrophenol, followed by secondary staining with 5-nm colloidal gold-labeled secondary antibodies against rabbit IgG. The thin sections were then counterstained with uranyl acetate and lead.
LY Uptake by Intact Atrial Preparations
In vitro preparations of intact combined right and left atria with perforated interatrial septa were obtained from the hearts of 177-to 347-g Sprague-Dawley female rats anesthetized with ether for thoracotomy and excision of the hearts. As previously described,12 the preparations were sealed off from injured cells by a 5-minute exposure at room temperature to a physiological salt solution containing 1.4 mmol/L Ca+. They were then incubated at 37°C for 5 to 60 minutes in the control solution containing a given concentration of LY either in the unstretched state or stretched by a distending pressure of 5.1 mm Hg in an apparatus previously described'2 and illustrated.'3 The composition of this solution was (mmol/L) Na+ 130, Ca2+ 0.2, K+ 5.92, Mg 2+ 0.56, Cl-137, HEPES 10, and glucose 25. The solution was adjusted to pH 7.4 and was oxygenated during the experiment by passing water vapor-saturated 100% 02 over the surface. Preparations were relaxed and rendered noncontracting by the low (0.2 mmol/L) [Ca2+] and the addition of 10 ,umol/L ryanodine to the medium. LY (0.5 mg/mL) was present as the dilithium salt (molecular weight, 457.25). In selected experiments, the LY concentration was varied between 0.1 and 10 mg/mL. At the conclusion of each experiment, the preparations were lightly blotted and weighed. They were then dried overnight in a vacuum oven at 37°C and reweighed to determine water content. The dried tissues were placed in 5-mL vials containing 1 mL of 1% sodium dodecyl sulfate (SDS) and 10 mmol/L dithiothreitol (DTT) and capped. Therefore, they were extracted for 1 hour on a shaker, minced with fine scissors, and shaken for several hours after adding additional 0.5 mL SDS/DTT. The material in the vial was thoroughly resuspended with a Vortex mixer (Scientific Industries) and then spun down in a microcentrifuge. The supernatant was transferred to another vial and appropriately diluted. The LY concentration of the diluted solution was determined by fluorimetry with a Hitachi F-2000 fluorescence spectrophotometer.
Reagents
The reagents were either dissolved in aqueous solution or, if not, the final concentration of the special solvent used is indicated: calyculin A (in 0.1% ethanol), sodium okadaiate (in 0.1% dimethyl sulfoxide [DMSO] ), and staurosporine (in 0.01% DMSO) were from LC Laboratories; pertussis toxin, LY dilithium salt, 8-(4-chlorophenylthio)cAMP sodium salt (8-CPT-cAMP) (in 0.1% DMSO), and thapsigargin (0.03% ethanol) were from Sigma Chemical Co; ryanodine and N-(6-aminohexyl)-5-chloro-1-naphthalene sulfonamide hydrochloride (W-7 hydrochloride) were from Calbiochem; Rp-adenosine 3',5'-cyclic monophosphothioate triethylamine salt (RpcAMPS) and phorbol 12-myristate 13-acetate (PMA) (in 0.01% DMSO) were from Research Biochemicals International; DAMP and anti-dinitrophenol rabbit IgG were from Molecular Probes; mouse anti-bovine brain clathrin antibody was from Chemicon International, Inc; rabbit anti-rat atrial natriuretic factor antiserum was from Peninsula Laboratories, Inc; anti-rabbit IgG FITC and anti-mouse IgG FITC were from Boehringer Mannheim Biochemicals; anti-mouse IgG rhodamine and anti-rabbit IgG rhodamine were from Biomeda Corp; and anti-caveolin (monoclonal antibody) was from Transduction Laboratories.
Results
Endocytosis in Cultured Myocytes: The Gate
Primary cultures of spontaneously contracting atrial myocytes prepared from the hearts of adult rats by the method of lida et al,8 as modified by Ambler and Leite,10 are particularly suitable for experiments designed to follow endocytosis by light and electron microscopy. Therefore, we began the present study by using this preparation to determine the type of vesicle by which atrial myocytes carry out endocytosis. One of the questions we wanted to investigate was whether the plasmalemmal "gate" consists exclusively of clathrincoated pits and vesicles or whether it includes the non-clathrin-coated vesicles called caveolae14-16 (or possibly other non-clathrin-coated vesicles) as in the cell lines described by Montesano et al, 17 Hansen et al, 18 and several other groups, a subject recently reviewed by Anderson.19 Fig 1 is an electron micrograph of a lead-and uranium-stained atrial myocyte prepared from the atria of adult rats after 8 days in primary culture. The cell was sectioned parallel to and just below the plasma membrane. The figure shows that clathrin-coated vesicles (arrow) are relatively rare, whereas non-clathrincoated vesicles (caveolae) are abundant. However, in spite of a careful search in which we looked for internalization of horseradish peroxidase by the method of Page et al, 13 we have seen no conclusive evidence that caveolae in these cultured myocytes translocate from the plasma membrane toward the cell interior. As shown in Fig 1, the cytoplasm of the cultured atrial myocytes contains numerous profiles of non-clathrincoated vesicles, often in the pinwheel configuration ( Fig  2) characteristic of cardiac caveolae.14, 16 We have confirmed the identification of these vesicles as caveolae by immunofluorescence microscopy with a monoclonal antibody to caveolin (data not shown). Because cultured atrial myocytes are highly flattened, we believe that the profiles of the non-clathrin-coated vesicles seen in To use LY as a fluorescent tracer for fluid internalized by FPE, it is necessary that parallel uptake of LY into the cytosol via plasmalemmal transporters (membrane channels or carriers) be minimal or absent. 37°C . To study the distribution of LY fluorescence due to endocytic uptake of this compound by primary cultures of atrial myocytes from adult rats, the myocytes were used for experiments on days 8 and 9 after plating the culture . Fig 3a is a photomicrograph of a typical control myocyte in which no LY was added. Nevertheless, the figure shows conspicuous perinuclear fluorescence, which was characteristic of all normal control myocytes. This intrinsic fluorescence or autofluorescence, which has been noted by others,2' is thought to arise from pyridine nucleotides and flavonoids. In atrial myocyte cultures, it is characteristically perinuclear in location and is absent from the more peripheral cytoplasm. In control solution without LY, the autofluorescent perinuclear densities remained unchanged for as long as we have followed them (up to 2 hours). Panels 3b and 3c of Fig 3 are representative of atrial myocytes incubated for 2 and 10 minutes, respectively, in control solution to which has been added 0.5 mg/mL of the lithium salt of LY. Because of the above-described preincubation procedure, panels 3b and 3c show none of the diffuse cytoplasmic staining characteristic of cells in which LY is taken up by plasmalemmal transport mechanisms other than endocytosis, which was the usual finding in cells not preincubated for 1 We also carried out duplicate experiments at 37°C in which preincubation for 10 minutes with LY was followed by a "chase" in LY-free M199. After rinsing in the chase solution, the culture was incubated for either 1 or 2 hours in the LY-free solution and photographed at the end of this period. Fig 3d shows that, after a 2-hour chase, only a few tiny foci of punctate fluorescence were detectable in the peripheral cytoplasm. Fig  3d is also noteworthy for the demonstration that even 2 hours after exposure to LY, no diffuse fluorescence due to LY was detectable in the cytosol, indicating that LY from the endocytic vesicles did not accumulate in the cytosol. This experiment suggests that LY, a nonphysiological endocytosis substrate, was slowly and incompletely transported out of the myocytes during a 2-hour interval. The slow transport of LY out of the cell is presumably by exocytosis. Fig 3d also shows that perinuclear autofluorescence was diminished after a 2-hour chase, a phenomenon observed in other cell types.22
To identify the structure corresponding to the punctate fluorescence in the peripheral cytoplasm, several culture dishes exposed to LY at 37°C for 2 and 10 minutes were fixed with glutaraldehyde and OS04 for subsequent electron microscopy. A control culture not exposed to LY was similarly fixed . Fig 4a, an electron micrograph of an atrial myocyte after 2 minutes of exposure to LY, shows profiles of multiple vesicular structures in the cytoplasm. These profiles, ranging in their largest dimension from 0.3 to 1 mm, are seen to be fused or fusing with characteristic coated vesicles, a configuration consistent with the structure of early endosomes. Such structures were absent after a 2-minute incubation without LY (Fig 4b) and after incubation for 2 minutes with LY at 2°C instead of at 37°C. The apparently discordant observations (ie, punctate fluorescent structures, as determined by fluorescence microscopy, were present in the peripheral cytoplasm after 10 minutes of incubation with LY at 37°C but not after 2 minutes, whereas electron microscopic structures suggestive of "early endosomes" were present after 2 minutes) were repeated and reconfirmed in three separate cultures. Ultrathin serial sections were ----T We attribute the apparent absence of detectable LY fluorescence after a 2-minute exposure to LY (even though electron microscopy clearly showed evidence of clathrin-coated vesicles fusing with endosomes) to the need to accumulate a sufficient LY concentration within these structures in order to attain the minimal fluorescence intensity detectable with our instrumentation. According to this argument, the detection threshold was exceeded after 10 minutes, but not after 2 minutes, in LY.
Modulation of Endocytosis
The observation that internalization of LY (as visualized by fluorescence microscopy) could be inhibited by lowering the temperature to 18C or less suggested that fluorescence microscopy of LY internalization by atrial myocytes might serve as a useful assay system for studying the effects of other perturbations that affect regulation of vesicular transport without necessitating permeabilization or injection of the cells. Fig 5 illus- trates such an experiment designed to examine the effect on LY internalization of 1 nmol/L calyculin A, a potent inhibitor of serine/threonine-specific protein phosphatases 1 and 2A. The results of such experiments were always confirmed on at least two separate cultures. The figure shows that, in cells preincubated at 37°C for 15 minutes with this inhibitor, internalization of LY was prevented as effectively as by lowering the temperature to 2°C. A similar result was obtained in experiments using preincubation and incubation with 0.1 mmol/L of the Na' salt of okadaic acid or with 10 mmol/L caffeine.
In further experiments, each on at least two different cultures, after a 15-minute preincubation with 100 mmol/L Rp-cAMPS (the membrane-permeable triethylamine salt of Rp-adenosine 3,5'-cyclic monophosphothioate, which inhibits activation by cAMP of cAMP-dependent protein kinases I and II), punctate cytoplasmic fluorescent densities due to LY (after 10 minutes in the presence of LY) were found to be strikingly rarer than in Rp-cAMPS-free control cultures, although they were not absent. When the experiment was repeated with 500 mmol/L Rp-cAMPS, the number of densities was reduced to even lower levels, although a few were still detectable. We concluded that we had observed an unequivocal inhibitory effect but that the inhibition was incomplete even at high inhibitor concentrations.
By contrast, internalization of LY was not detectably inhibited by preincubation in (1) 
Further Characterization of the Vesicular Pathway Clathrin
Because our experiments indicated that exposure to LY turns on or accelerates endocytosis via coated pits and coated vesicles, it was of interest to examine the distribution of cellular clathrin during internalization of LY by cultured atrial myocytes. On a priori grounds, it would be expected that clathrin should be present in the coats of vesicles fusing with early endosomes. Such vesicles might be further expected to become uncoated in early endosomes.23 Thereafter, the cellular distribution of fluorescently labeled clathrin should reflect the fate of the clathrin after it is no longer necessarily associated with a clathrin-coated vesicle, ie, the sorting of clathrin into the pathway to lysosomal degradation or into a recycling pathway. Fig 6a illustrates the distribution of clathrin after staining myocytes for 18 hours at 22°C with bovine anti-mouse brain-derived antibody to clathrin in a cell not exposed to LY compared with a control myocyte treated with preimmune serum. Fluorescently labeled secondary antibody against clathrin is seen to be diffusely distributed in atrial myocytes fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. The distribution, which includes both the perinuclear and peripheral cytoplasm, tured rat atrial myocytes of fluorescently labeled antibodies against DAMP, indicates that membrane-limited structures with acidified interiors are widely distributed in these myocytes. To determine the nature of these vesicles more definitively, we have performed immunoelectron microscopy on thin sections of intact mouse atria, a preparation in which one can determine the nature of vesicles and vacuoles by ultrastructural criteria more readily than in cultured myocytes. Fig 9 shows that most of the labeling with DAMP was localized to the interior of atrial granules and that the interior of a secondary lysosome was also acidified, as expected.
The direct and definitive demonstration by immunoelectron microscopy that the interior of atrial granules is acidified (previously suggested on the basis of supravital staining of sections of rat atria with acridine orange by Somlyo et a17) raised the possibility that at least part of the punctate cytoplasmic fluorescence seen 10 minutes after exposing cultured atrial myocytes to LY (Fig 3c) may reflect the transfer of LY from endosomes into atrial granules instead of into late endosomes or lysosomes. To examine this question, we immunostained cultured atrial myocytes with fluorescent antibodies against ANP. 8 The results (Fig 10) suggest a difference between the distribution of atrial granules and the distribution of LY (Fig 3c) , since the punctate densities seen as the result of LY uptake were much less numerous than atrial granules in the peripheral cytoplasm that fluoresce with antibody against ANP; ie, if LY enters the granules, a large subset of granules does not light up when cells are incubated with LY. Therefore, we think it improbable that the intracellular fluorescence visualized after a 10-minute exposure to LY is explained by LY uptake into atrial granules. However, LY uptake by a small subset of atrial granules that interact with the trans-Golgi network might conceivably contribute a minor fraction of the observed punctate fluorescent densities.
Uptake of LY by Myocytes of Intact Atria
This section describes the uptake of LY by intact atria, a preparation for which we have information from our previous studies about four aspects of atrial myocyte responses: (1) the FPE of sucrose,1 (2) the effect of stretch on endocardial, epicardial, and myocyte distribution of the large tracer protein horseradish peroxidase,'3 (3) the characteristics of ANP secretion,'2 26, 27 and (4) the responses of caveolae in myocyte plasma membrane'-'5 to various perturbations. '6 Intact atria are a much more complex experimental model for studying LY uptake than primary cultures of atrial myocytes for two reasons: (1) Atria contain multiple nonmyocardial cell types. (2) Since preincubation with FBS would prolong the experiment excessively, it was not feasible to inhibit transplasmalemmal entry into cardiac myocytes via the plasmalemmal organic anion transporters by a 60-minute preincubation in a medium containing 10% FBS. In our experiments on intact atria, the plasmalemmal transporter for large organic anions20 was therefore not inactivated and would be expected to wt}l), which is penetrated by sucrose. One reasonable possibility is that this second compartment is or includes the cytosol of the cardiac myocytes.
In mouse peritoneal macrophages and in a cell line of macrophage-like cells, extracellular LY has been found to accumulate in cells at 37°C in direct proportion to the LY concentration over the concentration range of 0.1 to 10 mg/mL LY. 5 We have confirmed that intact atrial preparations behave similarly: The values for LY spaces at external-solution LY concentrations of 0.10, 0.25, 0.50, and 1.0 mg LY per milliliter for unstretched rat atria were, respectively, 2.0+0.2 2.3±0.1, 2.0+0.04, and 2.0 ± 0.1 mL LY space per gram dry weight (mean + SEM, n-4 for each concentration). These results indicate that the atrial LY content increased proportionately as external LY concentration increased. In the same preparations, the corresponding values for the percentage of total atrial water equilibrating with LY at these concentrations were, respectively, 45±4%, 54+2%, 46+1%, and 44±3%.
Effect of Endocytosis Inhibitors on LY Spaces in Intact Atria
To determine whether agents that inhibit endocytosis of LY in cultured atrial myocytes also reduce the amount of LY taken up by intact atria, we measured the LY spaces of unstretched atria after 44 minutes of incubation at 37°C in a medium containing either 10 mmol/L caffeine or 1 mmol/L calyculin A. We chose to test caffeine and calyculin A because these two agents 
Regulation of Internalization
The two-part experimental design of (1) using a microscopically visualizable tracer to trace the movement of molecules through a segment of the internalization pathway in cardiac myocytes and (2) studying the effect on this movement of preincubation with plasmalemma-permeable inhibitors or stimulators of secondmessenger-mediated regulation turned out to be a useful tool to screen atrial myocytes for the implication of regulatory pathways. With the use of appropriate antibodies to receptors at the immunofluorescence microscopic and immunoelectron microscopic levels, this strategy should also be useful in cardiac myocytes for studying the regulation of the recycling pathway or pathways, eg, for investigating receptor sequestration and recycling. Our experiments support the conclusions that internalization requires a calcyculin A-sensitive dephosphorylation at a serine or threonine site or sites, that a minimal level of cAMP is necessary for internalization, that raising the cellular cAMP concentration does not inhibit endocytosis, that caffeine-inhibitable release of sarcoplasmic reticulum Ca2`stores is required, and that the process is energy dependent and becomes completely inhibited when the temperature falls to =18°C. No direct evidence implicating regulation by protein kinase C was obtained. Attempts to examine Ca2+-calmodulin-activated protein kinase were inconclusive because the inhibitor induced bleb formation from the plasma membrane.
It is of interest to note that in several respects these responses of LY internalization differ significantly from those of ANP secretion previously studied by us in cultured atrial myocytes.9,29 Unlike LY internalization, ANP secretion is stimulated by phorbol esters9 and inhibited by raising the intracellular cAMP concentration.29 These differences support our previous conclusion, based on ['4C]sucrose efflux measurements in intact atrial preparations,' that endocytosis in atrial myocytes probably reflects multiple processes in addition to the recycling of the product resulting from fusion of atrial granule membranes with plasma membrane, an event that is required for ANP secretion. LY Uptake by Intact Atria As in other cell types,5 the amount of LY accumulating in rat atria after 60 minutes (a quasi-steady state in which LY influx is presumed to be balanced by LY efflux) was directly proportional to the LY concentration of the external solution over a 10-fold LY concentration range. In the present study, we that blocked LY endocytosis in cultured atrial myocytes also partially inhibited LY uptake by isolated intact rat atrial preparations in vitro. The present study provided no evidence for internalization of LY by non-clathrincoated plasmalemmal vesicles (caveolae), which were shown to be coated with caveolin by immunostaining with antibodies against caveolin. Conclusions
We have reached the following conclusions: (1) Regulation of the FPE of LY in primary cultures of atrial myocytes has been demonstrated by the findings of (a) inhibition of FPE by blocking Ca'+ release from the sarcoplasmic reticulum with caffeine, (b) inhibition of FPE by inhibitors of protein phosphatases 1 and/or 2A, (c) inhibition of FPE by an inhibitor of cAMP-dependent protein kinases 1 and/or 2, and (d) the temperature dependence of FPE. (2) Plasmalemmal caveolae of cultured atrial myocytes do not participate in the accelerated endocytosis of LY, which is evoked by exposing the cells to extracellular LY. (3) LY is taken up by atrial myocytes via clathrin-coated pits and vesicles and passes through electron-microscopically identified endosomal compartments shown by immunostaining to be acidified by a vacuolar H+-ATPase (proton pump), but in myocyte cultures preincubated with fetal bovine serum, LY does not normally enter into or accumulate within the cytosol. (4) Appropriately designed experiments showed that over a 2-hour period of "chase" with LY-free solution, LY is lost from atrial myocytes, presumably by exocytosis. (5) Experiments measuring LY uptake by intact in vitro rat atrial preparations suggest that as in cultured atrial myocytes, LY uptake by in situ atrial myocytes may be inhibited by caffeine or by inhibitors of protein phosphatases 1 and/or 2A. (6) Because endocytosis is a potential mechanism for introducing drugs and macromolecules into heart muscle cells, further experiments aiming at more complete understanding and control of its regulation seem desirable.
